The creep behavior of AISI 310S stainless steel taken from SAIL's Salem stainless steel plant has been investigated by constant load tensile creep test at the temperatures of 973, 1023, and 1073 K and loads of 66.6, 74.8, 86.6, and 94.8 MPa. It exhibits steady-state creep behavior in most test conditions. The double logarithm plot of rupture life and applied stress yielded straight lines at all the three test temperatures indicating that power-law creep due to dislocation climb is the operating mechanism of creep deformation. Linear relationship was obtained for plots of logarithm of rupture life against inverse temperature obeying Arrhenius type of temperature dependence with activation energy of 340 kJ/mol. The stress-rupture data yielded a master curve of Larson-Miller parameter. The plot of Monkman-Grant relationship is typical indicating that rupture is controlled by growth of grain boundary cavities. The metallographic examination of crept samples revealed formation of grain boundary voids and cracks leading to intergranular creep fracture. Deformation twins and carbide precipitates were also observed. Oxidation tests were also carried out isothermally at 973 K, 1023 K, and 1073 K in dry air. The plots of mass gain versus square root time were linear at all the three test temperatures obeying parabolic kinetics of oxidation. It was found that scales are well adherent to the substrate. The plot of parabolic rate constant and inverse temperature was linear giving an activation energy value of 210 kJ/mol. The metallographic examination of an oxidized sample reveals duplex types of scales. Finally, rupture properties are compared with that of AISI 600 iron-based superalloy and oxidation weight gain analysis with surface nanocrystalline AISI 310S stainless steel to analyze quantitatively its behavior.
Introduction
Materials operating at high temperature are subjected to creep, hot corrosion, erosion, and phase change which severely affect the temperature capability and load bearing capacity of materials [1] . AISI 310S stainless steel contains higher chromium and nickel content than common ironbased alloys [2] [3] [4] . It is a standardized high-temperature steel for use at temperatures of up to 1323 K in dry air. It has a unique combination of high strength and superior oxidation resistance for application up to 1323 K. It is also very ductile and has good weldability enabling its widespread usage in many applications. It finds wide application in all high-temperature environments where scaling and corrosion resistance, as well as high temperature strength and good creep resistance, are required. Because of its superalloy properties, this alloy is a likely candidate material for hightemperature applications. It is a nonmagnetic alloy that cannot be hardened by heat treatment. It has forming capabilities similar to that of AISI 304 stainless steel. It can be easily formed into most shapes [5] . Extended capabilities of this stainless steel, beyond that of conventional stainless steels, make it potentially viable to replace nickel-based super alloys. A quantum of information connected with processing, tensile properties, oxidation, and hot corrosion properties of this alloy is available in the literature. The current research project focuses on the creep and hot corrosion of sheet samples taken from production run of Indian public sector stainless steel giant SAIL [5] . AISI 310S stainless steel flat rolled coil is primarily used for high-temperature situations. So, the alloy in the form of 1 mm thick sheets was used in the tests. Further, a comparison of creep data of this alloy with those of an iron-based superalloy AISI 600 is presented, as it is also a candidate material for jet engines and steam turbines [6, 7] . Similarly, a comparison of oxidation data is made with surface nanocrystalline AISI 310S stainless steel [8, 9] .
Experimental
The materials investigated in creep rupture have the nominal composition of AISI 310S stainless steel. The alloy was cut into 10 cm × 10 cm × 1 mm. The sheets were solutionised at 1323 K for 2 hours in the furnace of Mayes creep testing machine and quenched in water. Soaking time is sufficiently high to ensure uniformity of temperature. It is 12 times higher than that required for mild steel sample of same thickness. This treatment ensures that all carbides are in solution. The composition was obtained using spectrometer. The specimens were longitudinally midsectioned, polished by conventional polishing techniques, and etched. The etched specimens were examined by optical microscopy. Creep specimens 1 cm gauge width and 10 cm gauge length were machined from the heat-treated pieces that correspond to ASTM E8M subsize specifications. All creep specimens were produced out of the centre of plates transverse to rolling direction. Creep tests were carried out in air at temperatures 973-1073 K in stress range 60-100 MPa in a Mayes constant load creep testing machine. Test temperature ( ) was controlled by means of three PtRh-Pt thermocouples and kept constant at ± 1 K by means of three PID control units. For creep measurement, the specimens were equipped with a double-coil extensometer, and the creep behavior as specimen elongation was registered continuously. The resolution was about 0.001 mm (1 : 1250). Loading took place in normal atmosphere (air) via lever arm (1 : 15) using weights. The sample was allowed to soak at test temperature for 1 hour before the test load was applied. A number of different tests have been performed with standard specimens in the usual stress range (60-100 MPa) at temperatures 973-1073 K.
For oxidation kinetics, specimens with dimensions of 10 mm × 10 mm × 1 mm were cut from the heat-treated sheets, ground to 600-grit surface finish, and finally cleaned in ethanol. Isothermal oxidation tests were carried out in dry air at 973, 1023, and 1073 K. The specimens were exposed for 200 h. All specimens were used in the same condition. During testing, the specimens were tied in stainless steel wire, hanged in Mayes creep test unit's furnace, and both top and bottom of the furnaces were closed using ceramic wool, oxidized at the mentioned temperatures, and removed from the furnace at regular time intervals for weight change measurements [10, 11] . Electronic balance was used to measure weights accurately for 5 decimal points. After oxidation, microstructure of oxidized surfaces was investigated.
Results and Discussion
The chemical composition was obtained accurately using vacuum evaporation spectrometer of the alloys considered in the analysis (Table 1) . Usual optical metallographic procedure was used to get microstructure which consists mainly grain with a grain size of 100 m. The microstructure consists of two phases, namely, gamma and carbide phases. Twins are also seen. It is very hard to see distinctly anything at carbides at low magnifications. But optical micrographs clearly reveal the presence of the carbides inside grains. Present test temperatures 973-1073 K and stresses 60-100 MPa fall in power-law creep (dislocation creep) region in deformation map. The region is governed by diffusioncontrolled climb-plus-glide processes such as (a) based on lattice diffusion-controlled climb (high-temperature creep), (b) based on core diffusion-controlled dislocation climb (lowtemperature creep), and (c) transition from climb-plus-glide to glide alone (power law breakdown). Typical creep curves at 973 K for loads of 66.6, 74.8, 86.6, and 94.8 MPa are shown in Figure 1 . For the first three loads, all three regions of creep curves such as primary, secondary, and tertiary are available. Well-defined and longer secondary steady-state creep is noted well. But for the highest load, full strains are accumulated only during tertiary stage. Figure 2 shows typical creep curves for 86.5 MPa for temperatures 973, 1023, and 1073 K. For the first two temperatures, all three regions of creep curves such as primary, secondary, and tertiary are available. Well-defined and longer secondary steady-state creep is noted well. But for the highest temperature, full strains are accumulated only during tertiary stage. Tests were conducted for all the three test temperatures and all the four loads. But for want of avoiding unnecessary discussion, other plots are not shown, and graphs available with full clarity are taken for presentation. The main factor which determines the shape of creep curve besides development of twins and dislocations is investigated here. The factor is creation, coalescence, and growth of creep cavities [6] . Figure  3 shows the stress dependence of steady-state creep rate for all the three temperatures. The data can be represented by a power law with a stress exponent of −6.5. An important (Figure 5) ). To further compare the heat-resistant fully austenitic AISI 310S stainless steel with heat-resistant AISI 600 iron-based superalloy, the time to fracture is plotted against applied stress ( Figure 6 ). Superalloy took the longest time to fail more than 3 times to that of the stainless steel. This indicates that solid solution strengthening, dispersion strengthening, and precipitation hardening are not significant compared to superalloy. The microstructures of crept samples compare well with typical of the literature data, and a typical micrograph is shown in Figure 7 [5] .
The oxidation curves of weight gain per unit area versus time for all alloys after exposure at temperatures 973, 1023, and 1073 K are depicted in Figure 8 . After 720 ks exposure at all test temperatures, the alloy formed thicker oxide scales. Alloy showed the highest weight gain of 0.003 kg/m 2 at 1073 K, followed by 1023 K with 0.002 kg/m 2 , while for 973 K, the weight gain was rather small which is below 0.001 kg/m 2 . From the kinetics of oxidation at 973 K, the corrosion behavior is similar to that of alloys with high chromium showing a protective oxidation, while the oxidation rate becomes significantly larger at 1023 and 1073 K. The average final weight gain of oxidation at 1073 K is higher than oxidation at 1023 K which in turn is higher than that at 973 K without any sudden phase change. The plot of square of weight gain per unit area versus time for all alloys after exposure at temperatures 973, 1023, and 1073 K is linear, and so it is inferred that the oxidation kinetics under this test condition follows parabolic growth law (Δ 2 ∝ − / ). The slope provides oxidation rate constant. The rate constant is plotted versus inverse temperature to get activation energy. also = 210 kJ/mol (Figure 9) . The cross-sectional analysis of the samples provides supporting evidence to this phenomenon. In terms of weight gain, similar trend of oxidation of that at all temperatures was observed. The slowest oxidation rate is in the alloy at 973 K showing protective behavior. Inspection of the surface of the oxide scales covering the specimens after the isothermal exposure for 720 ks revealed that the part of the oxide grown spalled off (Figure 10 ). The finding is that at all temperatures (973 K, 1023 K and 1073 K), oxide layer showed considerable influence against further oxidation. Contrary to oxidation at lower temperature, exposure at 1073 K shows remarkable findings for the alloys. Even though the final weight gain for these alloys was relatively higher compared to exposure at the lower temperatures, they exhibit a parabolic behavior only even after 720 ks exposure. The parabolic nature of the oxidation kinetics demonstrates that the initial oxidation is due to diffusion of the metal cation to the surface forming oxide films. Consequently, the oxidation proceeds by diffusion of oxygen through the initial layers towards the metal. From the experimental results, it is found that the main oxidation products are Fe 2 O 3 and a mixture of Fe 2 O 3 and spinel, whereby Fe 3 O 4 is detected as the outermost oxide layer. This is because the Fe 3 O 4 kinetics is typically greater than Fe 2 O 3 . The presence of Cr as a ternary element in the bulk alloy at 1073 K might reduce the outward diffusion of Fe and thus slow down the oxidation process. In addition, the addition of Cr may be incorporated with the oxidation reaction of the base alloy and result in modification of the structure of the oxides scale. These oxidation data are proved by microscopic examination of oxidized samples. Also, the oxidation behavior of it in normal condition and surface-modified condition provides interesting outcome. In oxidation studies, it is oxidized isothermally at 973 K, 1023 K, and 1073 K in dry air. Previous researchers have indicated that addition of surface nanostructure has a beneficial effect on the oxidation resistance. Therefore, attention is also paid to review the effect of nanostructured surface as a comparison from the literature data in this study [8] . It is clear that the nanostructured surface is 30% better in oxidation weight change and 100% better in spalling resistance.
Conclusions
Creep rupture followed power law with stress exponent of 6.5. The activation energy for creep (340 kJ/mol) was found (with = 210 kJ/mol), revealing the formation of protective oxide scale. Oxidized samples reveal an adherent inner layer and a spalling outer layer.
